Water resources in south east England are under increasing pressure, and water companies and their regulators are exploring options to adapt not only to altered demands, but also to the challenge of climate change. This paper presents preliminary results from an investigation into the potential barriers to adaptation to increasing water supply deficits, focused around a case study catchment with multiple supply companies. The investigation applies a conceptual framework, which distinguishes between generic barriers affecting the ability of supply companies to make adaptation decisions, and specific barriers to the implementation of each option. The preliminary analysis suggests that whilst there is a widespread awareness of the challenge of climate change, and a conceptual understanding of the need for adaptation, some of the generic barriers that will affect detailed evaluations and actual adaptation decisions have yet to be approached. The analysis also shows that different individual adaptation options are assessed differently by different stakeholders, and that there are differences in the barriers to adoption between supply-side and demand-side measures.
Introduction
Climate change is expected to produce higher temperatures, drier summers and wetter winters across southern England. Reductions in water availability are expected as a consequence (Arnell, 2004) with direct abstractions becoming less reliable during summer and more seasonal, higher intensity rainfall producing high runoff and less water able to percolate into aquifers (Environment Agency, 2005) . In an area already facing water deficits and supply challenges (Environment Agency, 2007) , and with increasing population demands, adaptation in the short-term (to 2030) is necessary. The water supply industry in England and Wales is well aware of the challenge of climate change, and methodologies exist to both estimate the effects of climate change and support adaptation decisions (Arnell & Delaney, 2006) . The industry has also identified a wide range of options for addressing the supply-demand imbalance, covering both supply-side and demand-side measures.
However, there are specific barriers to the implementation of each option, and some generic constraints on the ability of water supply companies to adapt to a changing climate. This paper presents preliminary results from an assessment of the barriers to adaptation to water supply shortage in a case study catchment in south east England. First, however, the paper develops the general conceptual framework for the characterisation of the barriers to adaptation used in the study.
Barriers to adaptation: a conceptual framework
The proposed conceptual framework for the characterisation of the barriers to adaptation in a particular place (Figure 1 ) identifies two broad types of barrier. Generic barriers influence the way the adaptation challenge is defined and potential adaptation responses identified and selected. Specific barriers relate to individual adaptation options. Barriers to adaptation
There are five generic barriers. The first relates to the identification of the need for adaptation (in organisational learning terms, the identification of a signal and the interpretation of the signal in terms of adaptation: Berkhout et al., 2006) . The second influences the extent to which the need for adaptation can be specified in terms which inform adaptation decisions. This will be a function of the characteristics of available climate scenarios (the variability between scenarios, for example, and the extent to which they represent changes in relevant climate drivers), the ability to translate these scenarios into potential impacts on the system of interest, and local geographic circumstances. A third potential generic barrier is the identification of feasible adaptation options. Institutional competences or preferences may mean that certain options are not identified: Berkhout et al. (2006) defined the concept of "adaptation space" to characterise the options perceived to be available to an organisation. The final two generic barriers constrain the ability of an adapting organisation first to evaluate potential options, and second to select and monitor a strategy. Evaluation and selection requires organisations to have procedures to articulate knowledge and codify practices, and for monitoring of feedback (Berkhout et al., 2006) . These procedures may be internally-defined, or may be imposed by external regulators; they may facilitate or constrain adaptation.
There are four types of specific barriers relating to individual adaptation options. Physical barriers are constraints on the performance on an adaptation option. There may be technical constraints, for example, to the amount of climate change that a specific measure can cope with. Financial barriers refer not only to the absolute cost of an option, but also to the ability of the organisation to raise funds to cover the costs; this will be a function of the wealth of the organisation and its access to resources. Sociopolitical barriers include the attitudes and reactions of stakeholders, affected parties and pressure groups to specific adaptation options. Finally, the characteristics of the individual organisation may affect its ability to implement a specific option, and the regulatory or market context may constrain specific choices.
The context: water supply in southern England
Water resources in south east England are under pressure from increasing demand and increasing environmental obligations. Five independent private-sector water supply companies (six until 2007, prior to a merger between two companies) provide water to the region. The companies are subject to environmental regulation by the Environment Agency (who issue and control licences to abstract water subject to regional and catchment water resources strategies) and economic regulation by Ofwat (who control prices to customers and hence determine investments). Ofwat sets company price limits every five years in its Periodic Review process, which requires companies to make fiveyear projections of investment requirements. Industry-standard methods are used to project future resource availability.
Each company is split into a number of "water resource zones" which it manages as a discrete unit (there are fifteen separate "water resource zones" in East Sussex and Kent). Some of the zones are interconnected, but the zones do not overlap. The zones do not necessarily correspond to catchment or administrative boundaries and largely reflect the historical evolution of individual supply companies. Major catchments are divided amongst water resource zones managed by different supply companies.
Across south east England as a whole, approximately 75% of public water supplies are taken from groundwater, with the remaining 30% taken either directly from rivers or from supply reservoirs. Some of these reservoirs are fed by transfers from several source catchments, and some reservoirs are used to support direct river abstractions downstream. The mix of sources varies considerably between individual water resource zones, reflecting underlying geology. Mld (approximately 3-5% of current supply), depending on the assumed effect of demand management measures. If all the resource developments proposed by the water companies were implemented, this would turn into a surplus of between 50 and 60 Mld; a "compromise" involving some new resource development would mean that supplies and demand were approximately in balance. A high population growth assumption obviously increases demand and the risk of a deficit. The calculations in Table 1 incorporate all the "feasible" supply-side options (as identified by water supply companies) and very optimistic assumptions about the implementation and effectiveness of demand-side measures. In practice, of course, there is much controversy and much discussion in the water industry and other stakeholders around these assumptions. The Campaign to Protect Rural England, for example, complains of "a disproportionate emphasis on the creation of additional reservoir capacity" (Warren, 2007) , whilst the WRSE report itself notes that "some of the water efficiency scenarios considered…are very challenging" (WRSE, 2006) . Table 1 does not include explicitly the effects of climate change on supply (it is included in the effects on demand). A reduction in reliable supplies of 5% corresponds to a reduction of around 30 Ml/d, increasing still further the deficits in Table 1 .
The case study: hypotheses and methods
The study is focused in one catchment -the Medway in Kent -which is covered by water resources zones operated by three water supply companies (prior to a merger in 2007, the water resources zones were operated by four companies). Water is exported out of the catchment to other parts of the south east, and transferred within zones within the catchment. 60% of public water supplies for the catchment are taken from surface water sources, including rivers regulated by upstream reservoirs (Environment Agency, 2005) ; agriculture abstractions are very small and industrial abstractions are almost entirely withdrawn directly from groundwater. The Environment Agency assesses rivers and groundwater units within the catchment as having no additional water available for abstraction during low flows (Environment Agency, 2005) . The Medway catchment was chosen because it has known water resources pressures, a variety of potential adaptation options, and is served by several supply companies.
The study seeks to test five hypotheses:
1.
The availability of credible climate scenarios is a generic barrier to adaptation 2.
Specific barriers to the implementation of individual adaptation options in southern England are largely financial, socio-political and institutional, rather than physical 3.
Different stakeholder groups rate different adaptation options, and barriers to their implementation, differently, reflecting their organisational objectives 4.
The current institutional framework for water management constrains adaptation to climate change 5.
Uncertainty in the future impacts of climate change on resource availability affects the feasibility and implementation of different adaptation options differently.
Testing these hypotheses involves three stages. The first is to make credible simulations of the effect of climate change on resource availability, and prepare narrative descriptions of future resource availability under "central", "wet" and "dry" scenarios. The second stage identifies realistic adaptation options from the literature and existing resource plans, and characterises the advantages, disadvantages and potential barriers to each option. The third stage involves structured discussions with water management stakeholders -regulators, water supply companies, environmental groups, councils etc -to explore and assess options and their barriers.
Preliminary results

Impact of climate change on resources in the Medway
Flows in the Medway have been simulated using the Mac-PDM hydrological model (Arnell, 1999) . Model parameters were optimised in a three-stage tuning process using the observed flow data (from gauging station 40003 at Teston) for the period 1980-1983 and validated over the period [1984] [1985] [1986] [1987] [1988] [1989] . In the first stage the land cover and soil classes were determined. Next, the soil parameters were optimized by generating parameter sets consisting of combinations of values of field capacity, saturation capacity and a parameter describing the distribution of soil moisture capacity between a range of +/-75% of the initial value at 25% increments, producing 245 parameter combinations (once all instances of field capacity exceeding saturation capacity are removed). This was followed by an additional 49 runs to optimize the flow routing parameters.
Climate scenarios characterising change in mean monthly rainfall, temperature and potential evaporation were created from the UKCIP02 scenarios (Hulme et al., 2002) and five additional climate models (ECHAM4/OPYC, CGCM2, CSIRO MKII, GFDC_R30, and CCSR/NIES2). Figure 2 shows the change in mean monthly runoff by the 2020s in the Medway catchment under the UKCIP02 scenarios. The scenarios from the other climate models demonstrate a range of impacts including substantial increases and decreases in flows, reflecting sensitivity to climate model uncertainty. By the 2020s, average annual runoff in the Medway catchment falls by between 11 and 13% under the UKCIP02 scenarios; under the other scenarios, the change in average annual runoff varies from a decrease of 18% to an increase of 14%. The effects on deployable output of the supply systems in the Medway catchment will depend on operating rules, but as a first approximation, a reduction of 11-13% (approximately 28-34 Ml/d across the Medway catchment), in line with the change in average annual runoff, is feasible. Table 2 summarises adaptation options that have been identified by water companies, the Environment Agency, pressure groups and local councils as potentially feasible in the Medway catchment. Some of these are specific resource schemes (which will also serve other catchments), whilst others are more generic options. Many of these options have been incorporated into the Water Resource Plans of the water companies responsible for water resources in the Medway catchment. The complex responsibility for water resources in the catchment means it is necessary to consider schemes across the Kent region. The table provides indicative estimates of the potential contribution of each option, where these are available (estimates are in many cases very generalised, and not to be taken too literally).
Medway at Teston: change by 2020s
Characterisation of adaptation options
Each of the options has been proposed to deal with a future imbalance between supply and demand, and none has been developed specifically with climate change in mind.
The supply-side options are generally well-established with clearly-definable properties. The demand-side options, however, are generally less well-established, and their effectiveness is highly uncertain. It is highly unlikely that one option alone will be sufficient to meet future water resource requirements. Characterising the barriers to adaptation As shown in Figure 1 there are five potential generic barriers to adaptation. The first potential barrier is clearly no obstacle in the Medway catchment. The regulators, the water supply companies, local councils and pressure groups all identify climate change as a challenge to the future security of water resources. The second barrier also does not appear to be a major obstacle, at least at the strategic level of assessment that has been undertaken so far. An established methodology exists for incorporating the effects of climate change into strategic resource assessments (see Arnell & Delaney, 2006) , and uncertainty over the potential magnitude of climate change effects on supply reliability has not deterred the search for adaptation options. Between them, the water supply companies, regulators and pressure groups have identified a very large number of potential adaptation options (the "adaptation space" is wide), although as will be shown below the attitudes towards these different options vary considerably between different organisations. None of the proposed options is specific to climate change. One water supply company specifically asked consultees to its draft water resources plan to suggest additional strategic options. The fourth potential barrier -ability to evaluate adaptation options -has not yet been seriously approached as assessments are currently in their early stages. However, this evaluation will require a more sophisticated set of scenarios and methodologies than are currently available to water supply companies. In particular, evaluation is likely to be based on risk analyses, using multiple scenarios. Whilst such scenarios are currently being produced (e.g. for the UKCIP08 scenario set), there are as yet no practical guidelines for applying risk analyses to the assessment of adaptation options in the water industry. The fifth potential barrieroption selection -has also not yet been approached. In practice, water supply companies will have to select and implement options that have been agreed by the environmental regulator (the Environment Agency), the economic regulator (Ofwat) and, where relevant, planning and building control authorities. A consulting mechanism is in place, but has not yet been tested. Table 3 gives a preliminary assessment of the specific barriers to the identified adaptation options. This assessment is based on reviews of documents produced by local councils, water companies, the Environment Agency and some pressure groups, and will be reviewed with stakeholders in the final stage of the research. It is possible to draw four key preliminary conclusions. First, there are physical barriers to most of the supply-side options, relating partly to the constraints posed by environmental obligations and partly to uncertainty over whether there would be enough water to sustain the options (particularly filling reservoirs). Second, the physical barriers to most of the demand-side options relate to uncertainty over the magnitude of their contribution to reducing the supply-demand deficit. Third, there are significant pressure group objections to many of the supply-side options -largely on environmental grounds. Finally, there are potential customer barriers to the implementation of many demandside measures.
Conclusions
This paper presents a preliminary assessment of the barriers to adaptation to water supply shortage due to climate change in a catchment in southern England. The assessment has identified a number of generic barriers, relating to the challenge of adaptation as a whole, and specific barriers relating to individual adaptation options. The next stage of the project is to explore these barriers in more detail with stakeholders in the catchment. At the generic level, the availability of credible scenarios has not yet hindered adaptation, although is likely to have a greater effect when detailed plans are developed. Different stakeholders clearly value different adaptation options differently, and there is a clear difference in the characteristics of the barriers between supply-side and demand-side options.
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